14 The precise interpretation of environmental sulfur isotope records requires a quantitative 15 understanding of the biochemical controls on sulfur isotope fractionation by the principle 16 isotope-fractionating process within the S cycle, microbial sulfate reduction (MSR). Here we 17 provide the only direct observation of the major ( 34 S/ 32 S) and minor ( 33 S/ 32 S, 36 S/ 32 S) sulfur
step (Hayes, 2001) .
closed system reaction can be approached in a number of ways. Normally, in a system where one reactant 147 is consumed in order to generate a single product, a Rayleigh model is employed (Mariotti et al., 1981;  evolving product pool (Rp, defined below), equal to the mass balance on sulfite:
!" (!) .
(Equation 1)
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In this solution, f tracks the fractional amount of reactant remaining (SO3 2-). For our experiments, we 156 define fSO3:
demonstrate that when electron donors are limiting, the magnitude of fractionation between sulfate and 287 sulfide ( 34 ε) carries a nonlinear inverse relationship with cell-specific sulfate reduction rates (Leavitt et al., 288 2013; Kaplan and Rittenberg, 1964; Chambers et al., 1975; Sim et al., 2011b; Harrison and Thode, 289 1958) . Thus, the range of isotopic compositions produced and preserved in natural environments are 290 interpreted as an output of intracellular rates, which scales with enzyme activity associated with microbial 291 sulfate reduction (Leavitt et al., 2013; Goldhaber and Kaplan, 1975) .
293
In addition to following a rate relationship, fractionation in MSR isotope studies often approaches 294 characteristic upper and lower fractionation limits. Recent experimental work at low sulfate reduction 295 rates captures a 34 εMSR (the net isotope effect of microbial sulfate reduction) of nearly 70‰ (Canfield et 296 al., 2010; Sim et al., 2011a) . This magnitude of fractionation approaches the theoretical low temperature 297 equilibrium prediction of 71.3 to 67. 7‰ between 20° and 30°C (Farquhar et al., 2003; Tudge and 298 Thode, 1950) , inspiring research more directly comparing the biologically catalyzed reversibility of MSR 299 enzymes and that of equilibrium (Wing and Halevy, 2014 ) (see also (Rees, 1973; Holler et al., 2011;  300 Brunner and Bernasconi, 2005; Farquhar et al., 2003; Bradley et al., 2011; Johnston et al., 2007; Farquhar 301 et al., 2008; Mangalo et al., 2008; Bradley et al., 2015) ). These studies are fueled by the knowledge that 302 direct (abiotic) equilibration between sulfate and sulfide at Earth surface temperatures is exceedingly 303 slow, with a half-life of exchange estimated at 1.1x10 10 (at 30°C) to 1.6x10 12 years (at 20°C; these values 304 are extrapolated from (Ames and Willard, 1951) ). Thus, large fractionations between sulfate and sulfide 305 at Earth surface conditions strongly suggests a role for biology.
thiosulfate and trithionate (Figure 1 ) (Drake and Akagi, 1976) . DsrC is independently regulated in vivo 342 (Karkhoff-Schweizer et al., 1993) , and generates the terminal sulfide from DsrAB bound sulfur derived 343 from sulfite (Venceslau et al., 2014) . The relative importance of this protein has only been realized in the 344 last few years (Oliveira et al., 2008b; Venceslau et al., 2014) , and has an unconstrained isotope effect.
346
In general, the magnitude of the thermodynamically predicted sulfur isotope effect scales positively with the number of bonds are made or broken (Tudge and Thode, 1950; Bigeleisen and Wolfsberg, 1958) . As Thode, 1958; Rees, 1973; Farquhar et al., 2003; Johnston et al., 2007; Brunner and Bernasconi, 2005) .
358
As previously highlighted, this represents a major limitation to model applications (Chambers and 359 Trudinger, 1979) .
361
Our measured 34 εDsrAB value for sulfite reduction (15.3±2.0‰) is large enough to account for the majority 362 of the fractionations observed in the bulk of published the whole-cell MSR experiments over the last 363 sixty-five years (median of 16.1‰, n = 648; Figure 5 ). As noted previously, laboratory experiments carry 364 a strong bias toward higher rates of sulfate reduction, and as such, the data compilation should be viewed 365 in this light. As most recently articulated through a series of chemostat experiments (Leavitt et al., 2013;  366 Sim et al., 2011a) , the consequence of elevated metabolic rate is a smaller relative 34 ε. In isotope 367 biogeochemistry, relationships like this often depend on the single slowest overall rate-limiting step 368 within a metabolism (Mariotti et al., 1981; Hayes, 1993) . The fractionation limit at high metabolic rates 369 in cultures ( 34 ε = 17.3±1.3‰), marine sediments ( 34 ε = 17.3±3.8‰) and DsrAB are statistically 370 indistinguishable ( Figure 5 ). This similarity is consistent with DsrAB as a rate-limiting step explaining 371 the majority of observed fractionation ( Figure 5 ). However, this interpretation omits complexity 372 associated with the metabolic network.
374
This raises an essential question: how does the DsrAB constraint change our understanding of the 
395
An alternate explanation is that APS reductase (ApsR) is the rate-limiting step under sulfate replete 396 conditions (Rees, 1973) . If this is the case, fractionation imposed by DsrAB is unexpressed, as it is 397 downstream of ApsR (Hayes, 2001; Rees, 1973 
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Any explanation for the net MSR isotopic fractionation must also account for the large fractionations 409 observed at low sulfate reduction rates. These large fractionations are common in nature, and require 410 another type of mechanism. These isotopic fractionations approach but do not reach the theoretical 
414
Halevy, 2014)), along with measurements of the intrinsic isotope effects of other key enzymes in the 415 metabolic network, including ApsR and DsrC. In that sense, this study represents a key first step.
417
In parallel to examining the 34 ε effects, measuring minor S isotope ( 33 S/ 32 S) fractionation provides 418 additional information about the class of reaction mechanism associated with in vitro DsrAB activity. In ii.
iii. 
499
Data and application to calculations are further discussed in the text. Thode, 1957; 1958; Krouse et al., 1968; McCready et al., 1975; McCready, 1975;  514 Sim et al., 2012; 2013; 2011b; 2011a; Johnston et al., 2007; Johnston, 2005; Farquhar et al., 2003; Thode 515 et al., 1951; Bolliger et al., 2001; Knöller et al., 2006; Detmers et al., 2001; Jones and Starkey, 1957;  516 Kleikemper et al., 2004; Mangalo et al., 2008; 2007; Canfield, 2006; Hoek et al., 2006; Pallud et al., 2007;  517 Böttcher et al., 1999; Smock et al., 1998; Kemp and Thode, 1968; Ford, 1957; Leavitt et al., 2013; 2014;  518 Chambers et al., 1975; Davidson et al., 2009; Habicht et al., 2005; Kaplan and Rittenberg, 1964) .
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sulfate reduction batch (256) chemostat (159) resting (179) cell free (12) batch (10) resting (26) cell free ( 
536
Here, the median value is 16.1‰, also statistically indistinguishable from chemostat and modern marine 537 sediments limits at elevated rates of sulfate reduction. Included for reference is the theoretical sulfate-538 sulfide equilibrium fractionation (gray bar) for 0 to 30°C (Farquhar et al., 2003) . To quantify sulfite and bisulfite concentration in solution we adapted a protocol to quantify SO2 650 dissolved in water (Grant, 1947) , referred to as the 'Fuschin' assay from here foreword. Our protocol is 651 specific to the in vitro DsrAB assay conditions. It was determined that matrix matching between samples 652 and standards and the exclusion of oxygen is critical to a successful and reliable assay. Furthermore, we . 
898
was solved for experimental Km and Vmax under our conditions. The analytical error is less than the size of 899 the symbols (2σ = 1μM). One unit (U) is defined as the quantity of enzyme that catalyzes the conversion 900 of one micromol of substrate per minute. At both 10 and 15mM initial sulfite we are assured to be well 901 above the apparent DsrAB Km for sulfite. Reaction inhibition was not observed at sulfite concentrations 902 as high as 50 mM (Soriano and Cowan, 1995; Wolfe et al., 1994) . 
925
calculated shot noise for SO as a function of signal intensity (peak height in mV). This precision limit is 926 below that which we propagate through the correction, and is provided for reference here. Figure A2 and 3. For this analysis, 34 ε is set to 15.3‰ to be consistent with 951 the reductive branch of the DsrAB experiments, the analytical precision of an isotope measurement is 952 0.2‰ in δ 34 S and 0.008‰ in Δ 33 S, and f is allowed to vary from 0.6 to 0.9 in 0.02 increments (noted by the consequence is an increase in the error in 33 λ (b). Finally, the relationship between the errors in both the origin as a result of f not approaching the limits of 0 and 1, and also due to the multivariate nature of 959 the propagation. 
